Abstract-In this paper, a new combined electro-optic (EO) and pulsed nonlinear vector network analyzer-based (NVNA) load-pull measurement system for distributed multiharmonic electric field (E-field) measurements is presented. The system uses an external EO probe to measure cross-frequency phasecoherent multiharmonic vector E-fields with an 8-µm spatial resolution and 20 MHz-20 GHz bandwidth. We demonstrate the performance of the distributed phase-coherent E-field measurements of E x , E y , and E z components with three harmonics above a commercially available large periphery, packaged, laterally diffused metal-oxide-semiconductor transistor. The transistor was measured at 2.2 GHz under pulsed conditions with 10-µs pulse and 10% duty cycle, while outputting 55.1 dBm of power. The measured E-fields of the operating transistor are animated for the first time and reveal complex nonuniform operation at harmonic frequencies.
An Electro-Optic Pulsed NVNA Load-Pull System for Distributed E-Field Measurements
I. INTRODUCTION
T HE large periphery power amplifiers often contain multiple transistor dies and can suffer from nonuniform distributions of current and voltage across the die, resulting in increased power dissipation, degraded device efficiency, and output power [1] , [2] . This poses a challenge when such circuits need to be analyzed during device prototyping, as conventional measurement techniques treat the device under test (DUT) as a black box, i.e. only the input and output portbased response of the device is measured providing traditional metrics like gain, efficiency etc., with no indication of the internal device operation. While real-time de-embedding methods in conjunction with active load-pull (LP) allow inspection of the intrinsic drain current and voltage, without the readily available distributed packaged transistor models they are still just the port-based measurements providing no information of the internal distributed device operation [3] . The distributed device behavior has been addressed in the simulation domain by the introduction of multiphysics-based modeling approaches [1] , [4] . The direct validation of these models is very challenging for low-power devices or not accessible for high-power devices with complex matching networks.
Measuring the electromagnetic (EM) fields above packaged high-power transistors provides new information and has become a new area of exploration in the microwave design community [2] , [5] , [6] . To measure the distributed device behavior, various contactless probing techniques have been developed and they can be divided into two main categories: metallic and dielectric. Most of the metallic probes are based on a cut coaxial probe geometry [2] , [5] , [7] acting as a monopole antenna, although small dipole-based [8] and active electric field probes [6] have also been developed. Metallic probes are very inexpensive to produce and exhibit high E-field sensitivity, but can suffer from the probe invasiveness as they modify the fields above the DUT.
Dielectric probes are virtually noninvasive and thus only minimally perturb the E-fields above the DUT. There are two main dielectric probing techniques: quantum-based probes and electro-optic probes. Quantum-based probes [9] , which are still very much in their initial research and have yet to be miniaturized, are not yet suited for the distributed device behavior characterization. Moreover, quantum-based probes are sensitive to the full E-field and cannot measure the E-field vector components independently. EO E-field measurement techniques are very well-suited for distributed field characterization as they have very high spatial resolutions, are minimally invasive and can measure all vector components of the E-field.
The EO measurement technique is based on a linear EO effect, whereby the E-field dynamically changes the birefringence properties of an anisotropic crystal, which in turn changes the polarization of light passing through it. If the crystal is placed between two cross-polarizers, it can be used as a laser light retarder that induces a change in the light intensity which is directly proportional to the polarization change [10] . The spatial resolution of the measurement technique is dependent on the laser beam spot size which can be as small as 0.5 μm [11] . The use of ultrafast lasers combined with the temporal resolution of EO crystals allow measurements up to THz frequencies [12] using both internal [13] - [15] and external [16] , [17] EO sampling (EOS) techniques. The internal EOS technique relies upon the device substrate acting as a birefringent material, limiting its applicability to a narrow range of semiconductors, and excludes it from packaged device measurements.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The external EO probing technique uses EO crystals placed in the vicinity of the DUT, allowing the E-field to be measured anywhere around the DUT regardless of its geometry or substrate material. Since the crystal birefringence is sensitive only to a single E-field component, the external EO technique can separately measure all three (E x , E y , and E z ) E-field components. Although the crystal is placed in the vicinity of the DUT, the invasiveness of the probe is virtually nonexistent due to its dielectric nature [18] - [22] and no signal is coupled away, unlike in the case of the metallic probes.
When characterizing a high-power microwave PA, measurement of large signal data is imperative to fully capture the nonlinear behavior, and LP measurements are often performed. To reconstruct the large signal time-domain (TD) waveforms at the device reference planes cross-frequency phase coherence is needed. Thus, an NVNA combined with an LP measurement system is used [23] .
The cross-frequency phase coherence is established using an external phase reference, which is used to correct the phase of the measured harmonics
where meas n is the measured phase, rm n is the measured phase of the reference, rc n is the precharacterized phase of the reference, n is the number of the harmonic being measured, and corr n is the phase correction factor [24] . In this paper, a new combined EO and pulsed NVNA LP measurement system is presented that enables distributed TD vector E-field measurements under continuous wave (CW) or pulsed operation. Section II presents the measurement set-up used to measure the distributed device behavior, Section III discusses the system calibration and verification using a microstrip measurement, and Section IV presents multiharmonic phase-coherent vector E-field measurements of a 260-W laterally diffused metal-oxide-semiconductor (LDMOS) transistor measured under pulsed RF conditions. The reconstruction of TD E-fields from the measured multiharmonic fields is demonstrated and insights into the operation of the packaged transistor and the potential for design improvements are suggested. Finally, Section V concludes the paper.
II. MEASUREMENT SET-UP
The measurement setup, as shown in Figs. 1 and 2, uses a commercially available NeoScan® EO measurement system manufactured by EMAG Technologies Inc., which uses external optical-fiber-coupled Bi 12 SiO 20 crystal-based probes for vector E-field measurements. The system has an 8-μm spatial resolution and is able to measure the E-field vector components (E x , E y , and E z ) over a 20 MHz-20 GHz bandwidth. The probe is designed to measure fields from 1 V/m to 2 MV/m; other smaller [25] and more sensitive probes have also been designed [26] .
The standard system configuration uses a lock-in amplifier for single frequency E-field measurement. A photonic downconversion technique is utilized to increase the measurement sensitivity and detect the phase of the measured signal, as all of the equipment is working in a phase-locked loop configuration [27] . The use of lock-in amplifiers is not suited for pulsed signal measurements as they are measuring the root-meansquare of the voltage, while high-power microwave PAs are often operated under pulsed conditions. Moreover, the lockin approach does not allow multiharmonic measurements with cross-frequency phase coherence. The optical mainframe, which is a part of the standard EO system configuration, outputs a measured TD signal, but the lock-in amplifier locks only on a single-frequency component of that signal. If the Fig. 2 . Fully assembled electro-optic and pulsed NVNA load-pull measurement system. During the E-field scan, the probe was positioned 400 μm above the tallest bondwires of the DUT.
lock-in frequency is changed to measure a harmonic of the fundamental frequency, the phase reference of the signal is lost, thus the reconstruction of the TD signal becomes impossible. Also, real-time measurements using an oscilloscope are impractical for distributed TD E-field measurements due to the high thermal noise of the EO system, low measurement sensitivity, and the large number of coherent averages required. To overcome this, the NeoScan optical mainframe is connected to Keysight N5247A PNA-X 67-GHz microwave vector network analyzer. Using the NVNA with a comb generator (U9391G) as a reference for cross-frequency phase coherence instead of the lock-in amplifier allows an accurate reconstruction of the TD signal measured by the EO system.
The source-pull and LP are performed by using two Maury mechanical impedance tuners (MT982BL01) with 0.8-18-GHz bandwidth and 0.5-kW peak power handling capability. The tuners and the LP measurements are controlled by IVCAD™ measurement software. Since the system has a coupler connected for the measurement of "a" and "b" waves either on the input or on the output of the DUT, it is possible to use this set-up for either source-pull or LP measurements and to measure the multiharmonic E-fields above the transistor for any source or load impedance. Source-pull measurements are enabled by connecting the receiver A of the PNA-X to the input directional coupler, and connecting the output of the EO system to receiver C. Moreover, the same set-up can be used for active LP measurements by removing the tuners from the set-up in Fig. 1 and using another amplifier for active signal injection at the output side of the DUT. Although the PNA-X is a four-port analyzer, only the receivers on ports 1 and 3 can be used for the measurements, as the NVNA measurement mode is software-restricted by the manufacturer to these ports.
During the measurement, the EO probe is placed into an alldielectric holder that is mounted on a 2-D translation stage, as shown in Fig. 2 . The translation stage is then moved by fixed steps within the xy plane to enable the EO probe to measure the E-fields above the DUT. The measurement is controlled by a custom LabVIEW™-based control software, which triggers the pulsed NVNA measurements and synchronously controls the movement of the 2-D translation stage. The fully assembled measurement system is shown in Fig. 2 . This set-up allows fully automated measurements of the distributed multiharmonic E-fields with cross-frequency phase coherence under different source and load impedances.
III. SYSTEM VERIFICATION AND CALIBRATION
The verification of the system to measure the E-field distribution and TD waveforms is a three step process. First, a microstrip transmission line, shown in Fig. 3 , was simulated in a finite-element-based EM simulator EMPro, and measured under pulsed conditions providing the distributed E-fields. Second, a TD signal above the microstrip is measured and a calibration factor is derived by comparing it to the NVNA port reading, enabling the measurement of absolute TD waveforms. Finally, the calibrated system is used to measure a different TD signal verifying the measurement of the distributed E-fields and TD waveforms.
To obtain the distributed E-field measurements shown in Fig. 4 , a pulsed signal was used to excite the microstrip, which had a 10-μs pulse width, 100-μs period, and P in = 40 dBm, similar to the input power to be used with the PA. The 17.8-μm-thick gold microstrip was fabricated on a 508-μm Rogers RO4350 substrate. Southwest Microwave sma-to-microstrip end launch connectors were used to access the microstrip. Both E y and E z components of the E-field were measured at 2.2 GHz and compared with the simulation. The E-field scan was performed along the y-axis. The translation stage step size was 200 μm and the EO probe was positioned 250 μm above the DUT. The measurement and simulation show a very good E-field agreement.
During the TD measurements, the NVNA uses an external phase reference for cross-frequency phase coherence. The relative harmonic phases are automatically obtained [24] , which enables the TD E-field reconstruction at all measurement points above the DUT. The TD E-field reconstruction from the measured data is computed by
Re{κ n E n e j nωt }
where E TD is the TD distributed E-field above the DUT, κ is the correction factor defined in (4), ω is the radial frequency, t is time, n is the harmonic number, k is the number of measured harmonics and E n is the measured E-field at nth harmonic as given by
where x and y are the translation stage coordinates of the x-and y-axes, respectively. The amplitude and phase of the raw EO signal measured at the NVNA receiver is calibrated by comparing it with the measurement obtained at the NVNA ports [28] . To achieve this, the microstrip from Fig. 3 is used. First, the NVNA is calibrated using a short-open-load-thru vector receiver calibration, an absolute phase calibration using a comb generator, and an absolute power calibration using a power meter up to the port reference planes. Then two S-parameter files for each half of the fixture, obtained using a thru-reflect-line calibration, are used to move the port reference planes up to the middle of the microstrip as shown in Fig. 3 . A pulsed TD waveform, generated by biasing an ATF-54143 gallium arsenide pseudomorphic high electron mobility transistor in deep class C operation, is then injected at port 1 and measured by the NVNA. The PNA-X was configured to measure five harmonics of a 2.2-GHz fundamental. The noise bandwidth was set to 500 Hz and the averaging was set to 10.
After the NVNA measurement is obtained, the NVNA calibration is turned OFF, and the receiver A is connected to the EO system. The EO probe was positioned 50 μm above the line in the middle of the microstrip as indicated in Fig. 3 . The same TD signal is then injected at port 1, and the raw EO signal measurement is obtained as shown in Fig. 5(a) . Because a preamplifier is used in the optical mainframe of the EO system, the TD waveform is inverted and has a frequency dependent amplitude. The NVNA receivers might also exhibit frequency dependence, thus the amplitude calibration at all harmonics is important to correctly recreate the TD waveform. Furthermore, there is a phase shift associated with the internal circuitry of the EO system and cables connecting it to the NVNA, thus the phase correction also needs to be applied. The correction factor can then be defined as
where |b norm 2 n | is the normalized magnitude of the b 2 wave, |EO norm n | is the normalized magnitude of the EO signal, n is the harmonic number, b 2 fund is the phase angle in radians of the b 2 wave at the fundamental frequency, and EO fund is the phase angle in radians of the inverted EO signal at the fundamental frequency. After the correction factor is obtained, it can be used to correct any EO signal for absolute waveform measurements. The verification of this approach is shown in Fig. 5(b) , where the NVNA signal measurement at the center of the microstrip is compared with the calibrated EO signal. The new TD waveform is generated by driving a Minicircuits ZRL-2400LN amplifier into compression at 2.2 GHz (P in = 10 dBm, P out = 26 dBm). The correction factor for this measurement was obtained from the waves in Fig. 5(a) and, since the probe is virtually noninvasive, the waveforms show almost a perfect agreement with a 1.64% maximum error.
IV. LDMOS MEASUREMENT RESULTS
The measured device was a commercially available A2T21S260W12N LDMOS transistor that has four LDMOS dies, metal oxide-semiconductor (MOS) capacitors, interconnected with over 100 bondwires forming matching networks all housed in an air-cavity metal ceramic package. The prematching network is a T-network composed of arrays of bondwires and a MOS capacitor and the postmatch is a shunt-L configuration. In addition, circuitry to improve the video bandwidth of the packaged transistor is placed between the pairs of die along the center axis of the transistor at the output. The transistor package lid was removed for all of the measurements.
First, pulsed NVNA LP measurements were performed using the vector-receiver LP set-up. The load impedance presented to the DUT was controlled at the fundamental frequency to find the maximum output power impedance. The transistor was driven by a 40-W Amplifier Research preamplifier (40S1G4). To maximise the input power, the source tuner reflection coefficient was conjugately matched to the input reflection coefficient of the DUT. The measurement reference planes were at the 3.5-mm connectors of the LP test fixture. The LDMOS transistor was biased at V ds = 28 V, I ds = 1.48 A, V gs = 2.64 V, and the RF input was a pulsed CW with 10-μs pulses, and a 10% duty cycle.
After the maximum power, at the 3-dB gain compression point (P 3 dB ), load impedance was identified, the EO system was connected to the receiver A of the PNA-X. The same impedances were used during the distributed multiharmonic E-field measurements. The input power, P in , was set to 42.5 dBm resulting in P out of 55.1 dBm. The EO probe was positioned 400 μm above the tallest bondwires of the DUT as shown in Fig. 2 . To achieve high resolution measurements, long duration scans were performed. During the scans the total power of the output and reflected laser beams were monitored to ensure measurement stability. A thermoelectric cooler was used to prevent any polarization drift in the laser beam [29] . The DUT scan area was 12 mm × 18 mm, as shown in Fig. 6 , and the translation stage step size was 100 μm on x-and 200 μm on y-axes for E x , 200 μm on x-and 100 μm on y-axes for E y and 200 μm on both x-and y-axes for E z field measurements. The scan time was 4 h for the E z component with three harmonics (5551 points), and 8 h for both E x (11 011 points) and E y (11 041 points). The PNA-X measurement configuration was the same as indicated in Section III. In this paper, the relative distributed E-field results are normalized to their own maximum. This is valid as the E-field and light polarization change relationship inside the EO crystal is scalar and linear. Thus, the absolute E-field amplitude calibration is not necessary, albeit possible by employing micro transverse EM cells that allow the determination of the scalar E-field amplitude calibration factor [30] - [32] .
Three harmonics of the E z field component are presented in Fig. 7 along with the full TD-reconstructed E x and E y components. The measured E z field distribution across the transistor is fairly uniform at the fundamental frequency, as can be seen in Fig. 7(a) , but the second and third harmonics in Fig. 7(b) and (c) , respectively, show a nonuniform E-field distribution. This suggests that the DUT is well optimized at the fundamental frequency, but the harmonic terminations for all individual fingers might not be optimal. The E x field measurements show a strong drain-to-gate coupling as shown in Fig. 7(d) , as a consequence of the gate-to-drain (C gd ) capac- itance of the packaged transistor. The E y [ Fig. 7(e) ] field component, on the other hand, shows minimal coupling between the transistor dies as they all operate at the same potential.
As can be seen from the E-field plots in Fig. 7 , the fundamental and the third harmonic of the E z component show a typical amplifier behavior, whereby the input signal on the gate side of the DUT is amplified on the drain side. The second harmonic shows the opposite behavior with the gate-side having a larger amplitude signal, than the drain side. This is due to the EO probe measuring the full E-field rather than just the forward and backward traveling waves. The combination of both waves forms a standing wave along the impedance transformer of the transistor fixture. This is shown in Fig. 8 for the case of the fundamental and the second harmonic. The second and third harmonics on the gate side of the packaged transistor are produced by the preamplifier used in the set-up that is operating at its maximum gain setting and the drain-to-gate signal coupling of the DUT.
To further the examination of the performance of the packaged transistor the normal component of the E-field, E z , was extracted across all drain bondwires where the E-field is at its most intense. The normalized fields of the fundamental and second harmonic at two different impedance points are plotted over one period to show the variation of the E-field above the bondwires with time, as shown in Fig. 9 . The first is the P 3 dB impedance point, and the other one is P 3 dB with a phase shift of 60°. The input power to the DUT was 42.5 dBm at both impedance points. Changing the impedance also decreased the P out value by 7 dB at 2.2 GHz for the same gain compression. The E-fields at 2.2 GHz, across all four arrays of bondwires, remain almost constant in both cases, with fields above the inner most wires being slightly lower than those toward the outside of the package. At the second harmonic, 4.4 GHz, there is a significant variation as fields above the bondwire arrays connected to the two internal dies only reach 60%-70% of the maximum value of the bondwire arrays connected to the two external dies.
The variation of the field at the second harmonic is very significant and designers optimize their matching network design so that the all dies are performing optimally. Despite each die and its associated matching network being identical, within manufacturing tolerances, the second harmonic E-field components are nonuniform in both Fig. 9 (a) and (b) with Fig. 9(a) exhibiting stronger nonuniformity. Whilst this is true for the second harmonic, the E-field distribution at the fundamental frequency for the same impedance point is more uniform than the one in Fig. 9(b) . This, together with an 8-dB lower amplitude of the second harmonic generated by the transistor, leads to a better device performance and higher output power at the P 3 dB impedance point. It also suggests that the harmonic impedances presented to the two internal transistors could be improved to further increase the efficiency of the packaged transistor.
While the measurement time for detailed scanning and animation over the entire packaged transistor can be quite long, the measurement of a single cut, as shown in Fig. 9 , only takes approximately 4 min suggesting that it can be used in a commercial laboratory setting to aid in the design and optimization of microwave power amplifiers.
V. CONCLUSION
A combined EOS and NVNA-based LP measurement system for minimally invasive multiharmonic E-field measurements is presented. The system functionality is demonstrated by the measurement of the distributed phase-coherent E-fields with all three vector components (x, y, z) above a 260-W large periphery packaged LDMOS transistor operating at 2.2 GHz. The measured E-fields are animated and visualized, showing a TD wave in the transistor operating at 55.1 dBm output power. This technique presents a new method to visualize and hence understand the complex dynamics that occur in the complex package devices.
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